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ABSTRACT: This study examines life history patterns and correlations between traits related
to body size, reproduction, age, and growth in sharks, using data from 230 populations
representing 164 species, 19 families, and 7 orders. The analysis focused on interspecific life
history wvariability, but intraspecific and intrapopulation variation were also considered.
Interspecifically, body size correlated positively with litter size and offspring size, and a trade-
off between litter size and offspring size was found after factoring out the effects of body size.
Offspring size correlated negatively with growth completion rate (K), but the correlation
became positive after correcting for the effects of body size. Parental size for males and
females was negatively correlated with K. Parental size and size at maturity exhibited a strong
positive correlation, with sexual maturity occurring at about 75% of maximum size in both
sexes. Males were 10% smaller than females and reached their maximum length 34% faster
than females on average. Females tend to mature later and live longer than males, but age
at maturity is reached at about 50% of maximum age in both sexes. Maximum size and
empirical longevity were not significantly correlated in females, but were positively correlated
in males. Size and age at maturity also exhibited a moderate positive correlation in males,
especially after excluding data for Squalus acantbias. Principal component and cluster
analyses were used to reflect similarities among life history traits of 40 populations from 34
species, and at least three separate life history strategies were identified.

KEY WORDS: life history correlations, sharks, life history strategies, growth, longevity.

Il. INTRODUCTION

Throughout their evolutionary history during at least 400 million years, the cartilagi-
nous fishes (Chondrichthyes) in general, and sharks (Selachii) in particular, have
remained major components of marine communities, having the ability to adapt to
varying selective pressures. Indeed, selachians are a successful and speciose group
comprising about 394 extant species in eight orders (Compagno, 1999) that have
adopted alternative life history styles and exploited diverse niches in the aquatic
environment (Compagno, 1990).

It is commonly accepted that shark life history patterns are characterized by slow
growth, long life, large adult size, late sexual maturity and reproduction, long
gestation period, reduced fecundity, iteroparity, and precocial offspring. All sharks
employ internal fertilization and viviparity is the predominant reproductive strategy

1064-1262 /00/'$.50
©2000 by CRC Press LLC 299



CORTES REVIEWS IN FISHERIES SCIENCE

in extant species. In addition, reproductive constraints seem to dictate a direct
relationship between population size and recruitment (Holden, 1972, 1977). Despite
these apparently restrictive life history traits, sharks have remained successful
predators in the marine ecosystem, as evidenced by their ecological diversity and
abundance (Compagno, 1990).

Although the diversity of life history strategies in sharks has been qualitatively
well documented (Compagno, 1990) and some general trends identified (Branstetter,
1990; Hoenig and Gruber, 1990; Pratt and Casey, 1990), very little quantitative
information on life history patterns and correlations between traits is available,
especially at the intraspecific and intrapopulation level. Furthermore, knowledge
and understanding of life history trade-offs in selachians is still very limited, owing
to the paucity of basic biological information for numerous species. This is unfor-
tunate because a better understanding of life history patterns and trade-offs in this
group would be advantageous for comparative studies of vertebrate life history
evolution and would help shed light on connections between life histories and
natural selection in this group.

Moreover, increased human exploitation over the last 2 decades and increasing
habitat deterioration and loss pose immediate threats to shark populations world-
wide. A better understanding of their life histories and the way in which life history
traits covary would be very beneficial for developing demographic and other
population dynamics models that require knowledge of key life history features and
thus would aid in the conservation and management of this group.

The goal of this study is to quantify life history patterns in sharks and examine
potential correlations between traits related to body size, reproduction, age, and
growth. The analysis focuses on interspecific variability but also examines limited
data on intraspecific and intrapopulation variation in some life history traits of
sharks.

ll. MATERIALS AND METHODS
A. DATA COLLECTION AND REPORTING

I reviewed the literature and opted to include only studies that clearly identified how
estimates of life history parameters had been derived. Although some valuable
biological information may have been overlooked, questionable data subject to
multiple sources of variability that could thus potentially confound the analysis of
quantitative relationships were eliminated.

For each species or population, up to seven life history parameter estimates
were extracted when available and included in the analyses (Appendix). Different
studies sometimes used alternative criteria to define life history traits and so a
compromise had to be reached at times. Parental size is expressed as the maximum
total length (TL) in centimeters reported for females, males, or sexes combined.
When possible, litter size is reported as an average measure of the population- or
species-specific number of pups—generally the mean—and as a range. 1 used the
total length (in centimeters) of offspring at birth as a measure of offspring size
because offspring weight is seldom reported in the literature. Size at maturity is
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generally the size at which maturity is first reached, in some cases the size at which
50% of individuals are mature, or an average measure or range reported in the
original study.

I used K (yr!), the growth completion rate or growth constant from the von
Bertalanffy equation (von Bertalanffy, 1938), traditionally utilized to describe age
and growth in sharks and other animal and plant species (Roff, 1992), as a calculated
life history trait related to growth. Age at maturity is the value reported in each study,
which is seldom measured directly, but rather obtained after transforming size into
age through the von Bertalanffy growth equation. Empirical longevity is the value
of the oldest shark aged in each study using vertebrae or dorsal spines, or a value
obtained through mark-recapture techniques or observations of animals held in
captivity. Theoretical longevity was calculated as the age at which 95% of parameter
L.. (asymptotic length) from the von Bertalanffy equation is reached (Fabens, 1965;
Cailliet er al., 1992).

B. DATA ANALYSIS

For the analysis of life history patterns, medians are reported to account for non
normality of the data and asymmetrical confidence intervals were calculated as the
2.5th and 97.5th percentiles to encompass the central 95% of each parameter
distribution. At the species level, the effect of body size on correlations involving
offspring size was factored out by expressing offspring size as a percentage of
parental size, The Pearson correlation coefficient (r) was used to analyze correlations
between pairs of life history traits, and in some cases the Y-axis was log-transformed
to linearize the relationship.

To analyze similarities among species, I applied a principal component analysis
(PCA) of five life history traits (adult female body size, offspring size, maximum litter
size, K, and empirical longevity) only to species for which all five traits were
available to eliminate cases with missing values. The scores of the first three
components of the PCA were then used in a cluster analysis to examine further
similarities among species. The distance metric used was 1-r (Systat for Windows,
ver. 5 ed., Evanston, IL: Systat, Inc., 1992, unpublished). Using the scores from the
PCA eliminated covariation between variables before clustering (Van Buskirk and
Crowder, 1994), and using Pearson coefficients standardized the data to a common
scale, thus giving all variables comparable influence in the analysis.

lll. RESULTS
A. GENERAL LIFE HISTORY PATTERNS AND CORRELATIONS

Values of life history traits were obtained for 230 populations representing 164
species, 19 families, and 7 orders (Appendix). Life history traits exhibit remarkable
diversity, and, as in other taxa, this variation is more pronounced at the interspecific
level but can also be observed intraspecifically. Adult size, litter size, offspring size,
age and size at maturity, growth completion rate, and longevity vary widely among
species, yet some trends are apparent.
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At the species level, correlations indicate that several reproductive life history
traits vary with body size. I found a moderate but highly significant positive
correlation between maximum maternal size and maximum litter size (r = 0.50,
P < 0.0001, n = 170; Figure 1A), and between maximum maternal size and offspring
size (r = 0.80, P < 0.0001, n = 155; Figure 1B). I found no significant correlation
between offspring length and log-transformed maximum or mean litter size (r = 0.13,
P=0.101, n = 151 and = 0.16, P = 0.86, n = 117, respectively; Figure 2A), but after
factoring out the effects of body size there was a highly significant negative
correlation between log-transformed maximum or mean litter size and offspring size
(r=-0.62, P<0.0001, n = 142 and r = -0.51, P < 0.0001, n = 109, respectively; Figure
2B). Offspring are born on average at approximately 1/4 of the maximum adult size.
Offspring size expressed as a percentage of maternal size ranges from 3% in the
whale shark, Rbincodon typus, to 49% in the carcharhinid Loxodon macrorbinus,
and averages 27% (13 to 43% CL, n = 164) in the species analyzed.

Traits related to growth also appear to vary with body size. There was a
moderate, almost significant, decreasing relationship between offspring size and K
for sexes combined (r = —0.36, P = 0.061, n = 28; Figure 3A), but this relationship
became positive (r = 0.28, P = 0.161, n = 27; Figure 3B), but still non-significant,
when offspring size was expressed as a percentage of maximum adult size. K and
log-transformed maximum parental size were significantly, negatively correlated in
females (r = —0.32, P = 0.045, n = 39; Figure 4) and males (r = —-0.33, P = 0.045, n
= 37; Figure 4).

There are differences between males and females in traits related to body size
and growth. Males reach their maximum length faster than females as indicated by
generally higher K values in males: 34% (median expressed as a percentage of
female K-values) faster (=15 to 239% CL, n = 45). In only nine of 45 cases (20%) was
the K value for males lower than that for females. Females are generally larger than
males. Maximum size in males was 10% (median expressed as a percentage of
female maximum size) smaller (-27 to 12% CL, n = 178) than in females, and in only
21 of 178 cases (12%) did males reach a larger size than females. Maximum parental
size was strongly, positively correlated with size at maturity in both females (» = 0.97,
P <0.0001, n = 169) and males (r = 0.98, P < 0.0001, n = 152). The ratio of length
at maturity to maximum length (expressed as a percentage) was remarkably similar
in males (median = 76.2%, 53 to 89% CL, n = 148) and females (median = 75.5%,
50 to 91% CL, n = 178). In absolute terms, males generally mature at a smaller size
than females (median = 8%, —28 to 7% CL, n = 162), and in only 23 of 162 cases
(14%) did males mature at a larger size than females.

Traits related to age also differ between male and female sharks. Females tend
to live longer than males. Empirical longevities for females ranged from 4.5+ years
in Carcharbinus acronotus to 81 years in Squalus acanthias and averaged (median)
16 years (5 to 60 CL, n = 57). Expected theoretical longevities in females averaged
28 yr (9.5 10 95 CL, n = 48). In males, empirical longevities averaged 12 years (5 to
40 CL, n = 52), and theoretical longevities averaged 22 years (3 to 86 CL, n = 48).
Empirical longevities were shorter than theoretical longevities in almost all cases.
Maximum size was not correlated with log-transformed empirical longevity in
females (» = 0.17, P = 0.264, n = 44; Figure 5), but after eliminating data for S.
acanthias, a long-lived species that only grows to slightly over 1 m TL, the
correlation became almost significant (» = 0.28, P = 0.067, n = 42; Figure 5).
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FIGURE 1. Maximum litter size (A) and offspring size (B) in relation to matemai size in sharks.
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Maximum size was significantly correlated with log-transformed empirical longevity
in males (» = 0.40, P = 0.012, n = 38; Figure 5), especially after eliminating data for
S. acantbias (r = 0.47, P = 0.0036, n = 37; Figure 5). Maximum size and log-
transformed theoretical longevity were not correlated in females (r = 0.22, P = 0.177,
n = 39) but were correlated in males (r = 0.48, P = 0.003, n = 37).

Males also tend to mature earlier than females. On average (median value),
males mature at 6 years (1.4 to 19 CL, n = 59) and females at 8 years (2 to 25 CL,
n = 68) of age. Size at maturity was not correlated with log-transformed age at
maturity in females (r = 0.21, P = 0.105, n = 60; Figure 6), but after excluding data
for S. acanthias the correlation became significant (r = 0.34, P = 0.011, n = 55). Size
at maturity and log-transformed age at maturity were correlated (r = 0.45, P = 0.001,
n = 51; Figure 6) in males, especially after excluding data for S. acantbias (r = 0.54,
P =0.0001, n = 47).

Age at maturity is reached at about 50% of maximum age in both males and
females. The ratio of age at maturity to empirical maximum age (expressed as a
percentage) was very similar in males (median = 47.6%, 17 to 81% CL, n = 42) and
females (median = 53.8%, 20 to 80% CL, n = 49).

Longer-lived species tend to complete their growth at a slower rate than their
shorter-lived counterparts. There was a highly significant negative correlation be-
tween K and log-transformed empirical longevity in both females (r = -0.53, P =
0.0005, n = 40; Figure 7) and males (r = -0.57, P = 0.0002, n = 39; Figure 7).

Additional nonsignificant correlations between life history traits are presented in
Table 1. There was no significant correlation between litter size and log-transformed
longevity, litter size and log-transformed K for females, or between offspring size
and log-transformed longevity.

B. SIMILARITIES AMONG LIFE HISTORY TRAITS

A PCA of five life history traits for 40 populations from 34 species revealed that
three factors explained about 88% of the variance (Table 2). The first factor
explained 41% of the variance in the five variables and correlated positively with
adult body size and offspring size, and negatively with K. The second and third
factors explained 27 and 20% of the variance, respectively. The second factor
mainly correlated negatively with empirical longevity and positively with K,
whereas the third factor correlated mainly positively with litter size. The first and
second factors help to clearly separate Rhizoprionodon taylori from other species
because of its small size and offspring, rapid growth (high K), and low longevity
(Figure 8A). Large species with large offspring but moderate longevity, such as the
lamniforms Alopias vulpinus, A. superciliosus, A. pelagicus, and Carcharodon
carcharias fall toward the upper-right portion of the graph, whereas small but
slow-growing and long-lived species, such as S. acanthias and Galeorbinus galeus
are set apart on the bottom-left portion of the graph. Figure 8A also shows some
grouping of species that share similar life history traits or close taxonomic position.
For example, Rbizoprionodon terraenovae, Sphyrna tiburo, and Carcharbinus
sorrahb are all small carcharhiniform sharks characterized by small offspring, rapid
growth, and low longevity, and Carcharhinus limbatus, Carcharbinus brevipinna,
C. acronotus, and Carcharbinus tilstoni all share moderate size, growth, and
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brachyurus (SWI), bre = Carcharhinus brevipinna (NWGM), brev = Negaprion brevirostris (GM/NWA),
cal = Mustelus californicus (NEP), cali = Squatina californica (NEP), carc = Carcharodon carchanas
(NWA), cuv = Galeocerdo cuvier (NWA), fall = Carcharhinus falciformis (NWGM), fal2 = C. falciformis
(SGM), gall = Galeorhinus galeus (SWA), gai2 = G. galeus (SWP), glau = Prionace glauca (NEP), hen1
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S. lewini (WP), lim1 = Carcharhinus limbatus (EGM), lim2 = C. limbatus (SWI), long = Carcharhinus
longimanus (CP/WP), man = Mustelus manazo (NWP), nas = Lamma nasus (NWA), obs1 = Carcharhinus
obscurus (NWA), obs2 = C. obscurus (SWI), oxyr = Isurus oxyrinchus (NWA), pel = Alopias pelagicus
(NWP), plum = Carcharhinus plumbeus (NWA), semi = Triakis semifasciata (NEP), sorr = Carcharias
taurus (NWA), tayl = Rhizoprionodon tayloni (SWP), terr = R. terraenovae (GM), tibu = Sphyrna tiburo
(GM), tils = Carcharhinus tilstoni (SWP), vulp = Alopias vulpinus (NEP),
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longevity, and a close taxonomic position. The third factor mainly helps clearly
separate species with large litters, such as Prionace glauca, Galeocerdo cuvier, and
Sphyrna lewini (Figure 8B).

A cluster analysis of the scores of the first three factors of the PCA further
helps elucidate similarities among life history traits of the 40 populations
analyzed (Figure 9). Three species, Triakis semifasciata, G. cuvier, and S. lewini
from the northwestern Gulf of Mexico, form a cluster characterized by large litter
sizes and in some cases similar adult size, offspring size, or growth completion
rate (K), features that they share with the two populations of G. galeus.
Interestingly, Mustelus antarcticus is set apart from the other Mustelus species
and is in this same cluster with S. lewini from the western Pacific (Hawaiian
Islands) and P. glauca, probably because of similar empirical longevities and
high litter sizes.

The two populations of Carcharbinus obscurus and Carcharbinus plumbeus
stand apart based mostly on their slow growth, high longevity, and similar litter
sizes. These species form another cluster with a number of large species also
characterized by large offspring, slow growth, high longevity, and similar litter
sizes. Interestingly, C. carcharias is not as close to other lamniforms in the
dendrogram as would be expected from taxonomy. Carcharodon carcharias is
grouped with Negaprion brevirostris, Carcharbinus falciformis from the south-
ern Gulf of Mexico, and Carcharhinus leucas according to the present analysis.
In contrast, the three alopiids, A. vulpinus, A. pelagicus, and A. superciliosus,
are grouped together based mostly on large offspring and adult sizes, very
small litter sizes, and very similar growth rates. Lamna nasus also shares similar
longevity, low litter size, and moderate growth rate with the three Alopias
species.

Another main cluster is formed by species of small and moderate size. The two
populations of C. limbatus and C. brevipinna are characterized by moderate body
and offspring size, and moderate growth rate and longevity. The northwestern
Atlantic population of C. acronotus is closer to the three populations above than the
Gulf of Mexico population, probably because of slightly larger body and offspring
size in the former. The Gulf of Mexico population of C. acronotus is closer to the
smaller triakids Mustelus benlei and Mustelus californicus, and the carcharhinid
C. sorrab, probably owing to similar litter sizes and slightly higher growth rates.
These species in turn form another cluster with the small, fast-growing, and short-
lived carcharhiniforms R. terraenovae, R. taylori, S. tiburo, and Mustelus manazo.
Included in that cluster is the squatinid Squatina californica, probably because of
similar litter and offspring sizes.

A group of five large-size carcharhiniform and lamniform species is closer
to the cluster of small- and moderate-sized species than to the group of large-
sized carcharhiniforms and lamniforms identified previously. Carcharias taurus,
C. falciformis from the northwestern Gulf of Mexico, Carcharbinus longimanus,
Isurus oxyrinchus, and C. tilstoni form a cluster of their own, based mostly
on similar longevity, and growth rate and offspring size to a lesser extent.
Finally, the two populations of S. acanthias and Carcharbinus brachyurus
are grouped together owing to their high longevity, slow growth rate, and
similar litter sizes.
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SHARK LIFE HISTORY PATTERNS
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FIGURE 9. Dendrogram from a cluster analysis of five fife history traits of 40 populations from 34
species of sharks. The groupings show similarities in life history traits among species and populations.

{See appendix for an explanation of geographic codes.)
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IV. DISCUSSION
A. LIFE HISTORY PATTERNS AND CORRELATIONS

The two reproductive traits analyzed, litter size and offspring size, varied with size.
Larger species tend to have more and larger pups. This confirms on a more general
basis the positive correlation between maximum length and maximum litter size that
had been reported previously in three families of carcharhiniform sharks (Compagno,
1988; Simpfendorfer, 1992).

The observed patterns of increasing litter and offspring size with increasing body
size are influenced by the various reproductive modes present in sharks. For
example, inclusion of scyliorhinids and proscylliids—small-sized, mostly oviparous
sharks that generally lay only two eggs (Compagno, 1988)—likely contributed to the
variability in the relationship between maternal size and litter size. Also, the patterns
of increasing litter and offspring size with maternal size in aplacental viviparous
species may differ from those in placental viviparous species. Future studies of
reproductive life history traits in sharks should investigate differences among
reproductive modes.

There also are discernible trends between reproductive traits and body size at
the intrapopulation level. In some species of sharks, larger females in a population
tend to produce more offspring (e.g., Carcharbinus amblyrbynchos, C. brachyurus,
Carcharbinus cautus, Carcharbinus fitzroyensis, C. limbatus, C. plumbeus, C. sorrab,
C. tilstoni, Galeocerdo cuvier, P. glauca, Rbizoprionodon acutus, R. taylori,
R. terraenovae, Eusphyra blochii, S. lewini, Sphyrna mokarran, Furgaleus macki,
G. galeus, M. antarcticus, M. manazo, Mustelus mustelus, Mustelus palumbes,
Mustelus schmitti, Triakis megalopterus, T. semifasciata, Hemigaleus microstoma,
Hemipristis elongatus, Parmaturus xaniurus [Carcharhiniformes], I. oxyrinchus
[Lamniformes), S. acanthias, Squalus japonicus, Squalus mitsukurit [Squaliformes],
the same number of—possibly larger—offspring (e.g., Carcharbinus albimarginatus,
C. amblyrbynchos, Carcharbinus isodon, C. limbatus, C. longimanus, C. melanopterus,
Isogomphodon oxyrbinchus, P. glauca, S. tiburo [Carcharhiniformes), S. californica
[Squatiniformes]), or even both more and larger offspring (e.g., C. limbatus, Apristurus
brunneus). However, in at least some viviparous species of sharks, given the limited
space available for a female to carry young, there is a trade-off between litter size
and offspring size (Parsons, 1983; Branstetter, 1990; Simpfendorfer, 1992; Callard et
al., 1995). Thus, there is evidence of an inverse intrapopulation relationship between
litter size and offspring size in some carcharhiniform species (e.g., R. terraenovae,
M. schmitti).

There are no reported cases of reproductive senescence in female sharks, thus
the largest—and probably oldest—females appear to be the most fecund (Pratt and
Casey, 1990). However, as fecundity in sharks is generally measured in terms of litter
size, one may be able to detect reproductive senescence when examining the
relationship between embryo size and maternal size. For example, Parsons (1983)
observed an optimal embryo size that occurred well before the maximum maternal
size in R. terraenovae. Ideally, the total reproductive output, that is, the product of
the number and weight of embryos should be used as a measure of fecundity, but
this is very seldom reported in reproductive studies of sharks.
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At the interspecific level, Holden (1972) reported a significant negative relation-
ship between litter size and offspring size expressed in weight (n = 15). I observed
no correlation between litter size and offspring length (n = 151). However, a trade-
off between these two traits was confirmed for sharks after factoring out the effects
of body size (n = 142), in agreement with Garrick (1982), who also found a negative
relationship between median litter size and median length at birth when expressed
as a percentage of maximum length for sharks of the genus Carcharbinus (n = 21).
Life history theory predicts this trade-off between litter sizes and the energy spent
on individual offspring, which has been observed in other animal taxa at the
interspecific, intraspecific, and intrapopulation levels (Roff, 1992). In fishes, there is
mounting evidence of a trade-off between litter size and offspring size (Fleming and
Gross, 1990; Roff, 1992 and references therein).

Body size also masked the true nature of the relationship between growth
completion rate (K) and offspring size. There appeared to be a negative correlation
between these two traits before correcting for the effects of body size, when in fact
there is a weak, positive, but nonsignificant, trend. This, in conjunction with the
negative correlation between K and body size, suggests that those species with the
highest values of K, and so generally smaller sharks, are born at a higher proportion
of their maximum size than slower growing and larger species. These results are in
agreement with patterns outlined by Pratt and Casey (1990), although these authors
did not statistically test the correlations.

Males and females seem to have adopted somewhat different life history -
strategies. I found that maximum size of males was about 10% smaller than in
females (n = 178), in agreement with Garrick (1982), who reported that males reach
a maximum size about 7% smaller than females (range 2 to 14%) in sharks of the
genus Carcharbinus (n = 24). Additionally, I found that the ratio of length at maturity
to maximum length was almost identical in both males and females (about 75%).
This agrees with Holden (1972), who found that the ratio of length at 50% maturity
to maximum observed length for females of 16 species of sharks ranged from 0.64
to 0.92 and with Garrick (1982), who reported that first maturity in sharks of the
genus Carcharbinus (n = 24) is reached at about 70% of maximum size for sexes
combined, and that it ranges from 50 to 85% of maximum size in males, and from
60 to 90% of maximum size in females. In general, it appears that females attain
maturity at a larger size and older age than males and reach a larger maximum size
and older age while growing slower than males. This pattern may be in part
explained by the need for females to attain a larger size to support pups and to a
smaller investment in growth in favor of reproduction, which would translate in a
delayed onset of sexual maturity in females. Interestingly, however, both males and
females seem to reach maturity roughly at 3/4 of their maximum size and 1/2 of their
maximum (empirical) age.

A positive correlation between body size and lifespan has been found in
mammals and birds (Schmidt-Nielsen, 1984), but this relationship has not been fully
investigated in fishes. In sharks, especially in males, longevity seems to covary with
body size across species, but the relationship is not very strong. At the individual
level, sharks, as other fishes, appear to grow continually throughout life, although
the rate of growth progressively decreases with age, as predicted by the von
Bertalanffy growth function.
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B. SIMILARITIES AMONG LIFE HISTORY TRAITS

Branstetter (1990) classified a number of carcharhinoid and lamnoid sharks accord-
ing to their size at birth as a proportion of maximum size, litter size, absolute size
at birth, K-value, and first year's growth as a proportion of length at birth. His
categories are generally in good agreement with the results of the PCA and cluster
analyses conducted in the present study, despite the studies not using exactly the
same life history traits. For example, Branstetter (1990) categorized C. leucas,
C. plumbeus, and N. brevirostris as species with small offspring, size at birth > 20%
of maximum adult size, K < 0.10, and first-year growth < 30% of birth length, and
C. taurus, C. obscurus, and C. carcharias as having the same characteristics as those
above, differing only in that they have larger offspring. All these species fell under
the same general area in the PCA (upper- and lower-right quadrants in Figure 8A
and lower-right quadrant in Figure 8B) and cluster (Figure 9) analyses I conducted.
Likewise, Branstetter (1990) grouped species with small offspring, size at birth > 20%
of maximum adult size, but fast growth (K > 0.10 and first-year growth > 40% of birth
length). These included the coastal species R. terraenovae, S. tiburo, C. acronotus,
C. limbatus, and C. brevipinna, and the pelagic species C. falciformis, L. nasus,
I. oxyrinchus, A. superciliosus, and A. vulpinus, which were grouped in the upper-
left and upper-right (Figure 8A) and lower-left and lower-right (Figure 8B) quadrants
in my PCA analysis. In contrast, the cluster analysis did not group as closely together
the pelagic species examined by Branstetter (1990). Finally, Branstetter distinguished
S. lewini as having a size at birth < 20% of maximum adult size, K < 0.10, first-year
growth < 30% of birth length, and small young, and G. cuvier and P. glauca as
having the same features, except for faster growth (K > 0.10 and first-year growth
> 40% of birth length). These three species also fell in the same general area (Figure
8A and 8B) and cluster (Figure 9) in the present study.

Sharks have developed alternative life history strategies that have enabled them
to occupy diverse niches (Compagno, 1990), but all within the context of relatively
low fecundity and precocial offspring when compared with other fishes. The results
of the principal component and cluster analyses of the life history traits of the 40
populations analyzed enable us to distinguish three main groups, which are
suggestive of separate strategies. It has to be remembered that these are artificial
groupings proposed for the sake of simplicity and that in the real world life history
traits of these and other species probably vary along a continuum rather than fall
within discrete categories.

The first group is mainly characterized by species with large litter sizes (median
= 41, range 31 to 135), variable but generally high longevity (17, 9 to 53 years),
intermediate to large body size (244, 155 to 450 cm TL), small offspring size (39, 20
to 78 cm TL), and fairly slow growth (K; 0.117, 0.07 to 0.25), and includes all
populations denoted by a solid triangle in Figures 8A and 8B and all those between
S. lewini and G. galeus in Figure 9. The second group encompasses large species
(371, 234 to 640 cm TL) with large offspring (85, 62.5 to 174 cm TL), reduced litter
size (10, 2 to 14), slow growth (K; 0.08, 0.04 to 0.12), and generally high longevity
(22, 14 to 39 years), and includes all populations denoted by an open circle in
Figures 8A and 8B, and all those between C. obscurus and L. nasus in Figure 9. The
third group’s most salient features are reduced litter size (8, 5 to 15), small to
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moderate body size (152, 78 to 247 cm TL), low to moderate longevity (9, 4.5 to 22
years), small offspring size (35, 24 to 67 cm TL), and generally fast growth (K; 0.21,
0.11 to 1.01), and includes all populations denoted by a solid circle in Figures 8A
and 8B and all those between C. brevipinna and M. manazo in Figure 9.

There are also two subgroups linked to the second and third life history
strategies identified. The group composed of C. taurus, C. falciformis from the
northwestern Gulf of Mexico, C. longimanus, 1. oxyrinchus, and C. tilstoni (Figure
9 and populations denoted by an open diamond in Figures 8A and 8B) is charac-
terized by features close to those for the second, but especially the third, life history
strategies. Thus, it encompasses species with moderate to large body size (305, 180-
375 cm TL), medium to large offspring (73, 60-100 cm TL), reduced litter size (10,
2 to 15), and moderate growth (0.15, 0.10 to 0.20) and longevity (12, 11 to 16 years).
Finally, the two populations of S. acanthias and C. brachyurus (Figure 9 and
populations denoted by an open square in Figures 8A and 8B) form a subgroup
characterized mainly by slow growth (0.04, 0.039 to 0.11), high to extreme longevity
(40, 25 to 81 years), and fairly high litter sizes (17, 15 to 20).

The three main alternative life history strategies identified give some insight into
how different species may cope with neonate and juvenile mortality. Species in the
first group can be exemplified by P. glauca, a pelagic shark that invests in a large
number of small young, born at a low percentage of their maximum size, and which
are probably highly vulnerable to predators in the early life stages. The second group
can be typified by a large, slow-growing species such as C. obscurus, that produces
a limited number of large young, which are much less vulnerable to predation than
their counterparts in the other two groups. Species in the third group allocate their
reproductive effort differently, with the production of a limited number of small
offspring, but born at a higher percentage of their maximum size and that grow more
quickly than their counterparts in the first and second groups to overcome mortality
in the early life stages. Rhizoprionodon taylori and C. brevipinna define the limits
of the range of strategies within this group.

The life history strategies identified here are based mostly on carcharhiniform
and lamniform sharks, and thus probably do not cover the full spectrum of strategies
followed by all shark species. As more data on age, growth, and reproduction of
different species become available, additional strategies are likely to be identified.
For example, very little is known of the life history — especially the growth
dynamics — of deepwater squaliform sharks. Squalus acantbias may typify the
strategy followed by sharks in this speciose order.

In conclusion, the present study has provided a synthesis of life history patterns
in sharks and a summary of updated values of key life history parameters, which
are ultimately needed for population assessment and management. Patterns of
covariation between traits were also examined quantitatively in an effort to provide
comparisons with other taxa and to set the ground for analyses of their evolution.
With the incorporation of breeding frequency to the life history traits reported herein
and estimation of size- or age-based natural mortality estimates, demographic
models can be developed for a variety of species of sharks. Furthermore, following
the rationale applied by Van Buskirk and Crowder (1994) to marine turtles,
demographic models of species with well-defined life history traits, such as the three
general life history strategies identified in the present study, can be extended to
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species witlr incomplete life history information but which seem to follow the life
history strategy of the better-known species.
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